We calculate several neutron star properties, for static and/or rotating stars, using equations of state based on different microscopic models. These include our Dirac-Brueckner-Hartree-Fock model and others derived from the non-relativistic Brueckner-Hartree-Fock approach implemented with microscopic three-body forces. The model dependence is discussed.
I. INTRODUCTION
The determination of the equation of state (EoS) of highly compressed and/or hot matter is one of the most complex problems in nuclear physics. In terrestrial laboratories, relativistic heavy-ion collisions are the best tool to produce hot and dense matter. Concerning astrophysical systems, neutron stars are known to be stable configurations containing the most dense form of matter found in the universe. They are therefore unique laboratories to study the properties of highly compressed (cold) matter. Furthermore, the possibility of studying the structure of neutron stars via gravitational waves [1] makes these exotic objects even more exciting.
More generally, the study of neutron-rich systems (from the lowest to the highest densities) has widespread impact, reaching from the physics of exotic nuclei to nuclear astrophysics. With the Facility for Rare Isotope Beams (FRIB) recently approved for design and construction at Michigan State University, these studies become particularly important and timely. Partnership between nuclear physics and astrophysics will play a crucial role in advancing our knowledge of neutron-rich matter and its equation of state.
Clearly, a rich (on-going or future) experimental program must be accompanied by parallel theoretical effort. Present nuclear matter calculations are typically performed either within the mean field approach or the microscopic one. Mean field models, relativistic and nonrelativistic, are popular [2, 3] , but in our opinion ab initio approaches are best in order to get deeper physical insight. By ab initio, we mean that the starting point is a realistic two-body potential, possibly complemented by three-body forces.
The purpose of this paper is to compare several neutron star properties predicted by different microscopic models. As constraints promise to become more stringent, it is important to understand and compare how the nature of the various predictions is related to the features of each model. In microscopic approaches, the tight connection with the underlying two-body potential will then facilitate the physical understanding in terms of * F. Sammarruca: fsammarr@uidaho.edu the characteristics of the nuclear force and its behavior in the medium.
In the next section, we review the main aspects of the ab initio approach. The main differences between our approach (the Dirac-Brueckner-Hartree-Fock method) and the other models used in our comparison (the conventional Brueckner-Hartree-Fock method together with microscopic three-body forces) are revisited and discussed.
II. THE "AB INITIO" APPROACH
A. The two-body framework Our present knowledge of the nuclear force is the result of decades of struggle [4] . After the development of QCD and the understanding of its symmetries, chiral effective theories [5] became popular as a way to respect the symmetries of QCD while keeping the degrees of freedom (nucleons and pions) typical of low-energy nuclear physics. However, chiral perturbation theory (ChPT) has definite limitations as far as the range of allowed momenta is concerned. For the purpose of applications in dense matter, where higher and higher momenta become involved with increasing Fermi momentum, ChPT is inappropriate. A relativistic, meson-theoretic model is the better choice.
The one-boson-exchange (OBE) model has proven very successful in describing nucleon-nucleon (NN) data in free space and has a good theoretical foundation. Among the many available OBE potentials (some being part of the "high-precision generation" [6, 7, 8] ), we seek a momentum-space potential developed within a relativistic scattering equation, such as the one obtained through the Thompson three-dimensional reduction of the BetheSalpeter equation. Furthermore, we require a potential that uses the pseudovector coupling for the interaction of nucleons with pseudoscalar mesons. With this in mind, as well as the requirement of a good description of NN data, Bonn B [4] has been our standard choice. As is well known, the NN potential model dependence of nuclear matter predictions is not negligible. The saturation points obtained with different NN potentials move along the famous "Coester band" depending on the strength of the tensor force, with the weakest tensor force corresponding to the largest attraction. For the same reason (that is, the role of the tensor force in nuclear matter), the potential model dependence is strongly reduced in pure (or nearly pure) neutron matter, due to the absence of isospin-zero partial waves.
Already when QCD (and its symmetries) were unknown, it was observed that the contribution from the nucleon-antinucleon pair diagram, Fig. 1 , is unreasonably large when the pseudoscalar (ps) coupling is used, leading to very large pion-nucleon scattering lengths [9] . We recall that the Lagrangian density for pseudoscalar coupling of the nucleon field (ψ) with the pseudoscalar meson field (φ) is
On the other hand, the same contribution ( Fig. 1) is heavily suppressed by the pseudovector (pv) coupling (a mechanism which became known as "pair suppression").
The reason for the suppression is the presence of the covariant derivative at the pseudovector vertex,
which suppresses the vertex for low momenta and, thus, explains the small value of the pion-nucleon scattering length at threshold [9] . Considerations based on chiral symmetry [9] can further motivate the choice of the pseudovector coupling. We will come back to this point in the next subsection.
The most important aspect of the "ab initio" approach is that the only free parameters of the model (namely, the parameters of the NN potential) are determined by the fit to the free-space data and never readjusted in the medium. In other words, the model parameters are tightly constrained and the calculation in the medium is parameter free. The presence of free parameters in the medium would generate effects and sensitivities which can be very large and hard to control.
B. The many-body framework: Brueckner theory, three-body forces, and relativity Excellent reviews of Brueckner theory have been written which we can refer the reader to (see [4] and references therein). Here, we begin by defining the contributions that are retained in our calculation. Those are the lowest order contribution to the Brueckner series (two-hole lines) and the corresponding exchange diagram. With the G-matrix as the effective interaction, this amounts to including particle-particle (that is, short-range) correlations, which are absolutely essential to even approach a realistic description of nuclear matter properties. Threenucleon correlations have been shown to be small if the continuous choice is adopted for the single-particle potential [10] .
The issue of three-body forces (TBF), of course, remains to be discussed. In Fig. 2 we show a TBF originating from virtual excitation of a nucleon-antinucleon pair, known as "Z-diagram". Notice that the observations from the previous section ensure that the corresponding diagram at the two-body level, Fig. 1 , is small with pv coupling. At this point, it is useful to recall the main feature of the Dirac-Brueckner-Hartree-Fock (DBHF) method, as that turns out to be closely related to the TBF depicted in Fig. 2 . In the DBHF approach, one describes the positive energy solutions of the Dirac equation in the medium as
where the effective mass is given by m * = m + U S , with U S an attractive scalar potential. It turns out that both the description of a single-nucleon via Eq. (3) and the evaluation of the Z-diagram, Fig. 2 , generate a repulsive effect on the energy/particle in symmetric nuclear matter which depends on the density approximately as
and provides the saturating mechanism missing from conventional Brueckner calculations. Brown showed that the bulk of this effect can be obtained as a lowest order (in p 2 /m) relativistic correction to the single-particle propagation [11] .
The approximate equivalence of the effective-mass spinor description and the contribution from the Zdiagram has a simple intuitive explanation in the observation that Eq. (3), like any other solution of the Dirac equation, can be written as a combination of positive and negative energy solutions. On the other hand, the "nucleon" in the middle of the Z-diagram, Fig. 2 , is precisely a superposition of positive and negative energy states. In summary, the DBHF method effectively takes into account a particular class of TBF, which are crucial for nuclear matter saturation, but does not include other TBF.
Concerning other, more popular, three-body forces, Fig. 3 shows the TBF that is included in essentially all TBF models, regardless other components; it is the Fujita-Miyazawa TBF [12] . With the addition of contributions from πN S-waves, one ends up with the wellknown Tucson-Melbourne TBF [13] . The microscopic TBF of Ref. [15] include contributions from excitations of the Roper resonance (P 11 isobar) as well. Now, if diagrams such as the one shown on the lefthand side of Fig. 3 are included, consistency requires that medium modifications at the corresponding twobody level are also included, that is, the diagram on the right-hand side of Fig. 3 should be present and properly medium modified. Large cancellations then take place, a fact that was brought up a long time ago [14] . When the two-body sector is handled via OBE diagrams, the twopion exchange is effectively incorporated through the σ "meson", which cannot generate the (large) medium effects (dispersion and Pauli blocking on ∆ intermediate states) required by the consistency arguments above.
To contrast this point of view, we will take as the other elements of our comparison the EoS's from the microscopic approach of Ref. [16] . There (and in previous work by the authors [15] ), the Brueckner-Hartree-Fock (BHF) formalism is employed along with microscopic three-body forces. However, in Ref. [15] the meson-exchange TBF are constructed applying the same parameters as used in the corresponding nucleon-nucleon (NN) potentials, which are: Argonne V18 (V18, [17] ), Bonn B (BOB, [4] ), Nijmegen 93 (N93, [7] ). The popular (but phenomenological) Urbana TBF (UIX, [18] ) is also utilized in Ref. [16] along with the V18 potential. The parameters which are not specified by the NN potential are chosen according to independent investigations [15] . Convenient parametrizations in terms of simple analytic functions are given in all cases for the resulting EoS's. We will refer to this approach, generally, as "BHF + TBF".
In a previous work [19] we compared the predictions of the neutron skin in 208 Pb by these models and correlated them with differences in the slope of the symmetry energy. Model differences become larger at high-density and will naturally impact neutron star predictions.
III. NEUTRON STARS: RESULTS AND DISCUSSION
Stellar matter contains neutrons in β equilibrium with protons, electrons, and muons. Our DBHF EoS for β-equilibrated matter is given in Ref. [20] . We have applied β-stability in the same way to the various models of Ref. [16] starting from the given parametrized versions of the respective symmetric matter and neutron matter EoS's. At subnuclear densities, all the EoS's considered here are joined with the crustal equations of state from the work of Harrison and Wheeler [21] (for energy densities between 10 and 10 11 g cm −3 ) and the work of Negele and Vautherin [22] (for energy densities less than 1.7×10
13 g cm −3 ). The composition of the crust is crystalline, with light [21] or heavy [22] metals and electron gas. The DBHF equation of state as applied in this work, including the crust, is given in the tables. All neutron star properties are calculated using public software downloaded from the website http://www.gravity.phys.uwm.edu/rns.
In Fig. 4 , we show the mass-radius relation for a sequence of static neutron stars as predicted by the various models listed above. All models besides DBHF share the same many-body approach but differ in the two-body potential and TBF employed. The resulting differences can be much larger than those originating from the use of different many-body approaches. This can be seen by comparing the DBHF and BOB curves, both employing the Bonn B interaction. Overall, the maximum masses range from 1.8M ⊙ (UIX) to 2.5M ⊙ (BOB). Radii are less sensitive to the EoS and range between 10 and 12 km for all models under consideration, DBHF or BHF+TBF. Concerning available constraints, an initial observation of a neutron-star-white dwarf binary system suggested a neutron star mass (PSR J0751+1807) of 2.1±0.2M ⊙ [23] . Such observation would imply a considerable constraint on the high-density behavior of the EoS. On the other hand, a dramatically reduced value of 1.3±0.2M ⊙ was recently reported [24] , which does not invalidate any of the theoretical models under consideration.
The model dependence is shown in Fig. 5 for the case of rapidly rotating stars. The 716 Hz frequency corresponds to the most rapidly rotating pulsar, PSR J1748-2446 [25] , although recently an X-ray burst oscillation at a frequency of 1122 Hz has been reported [26] which may be due to the spin rate of a neutron star. As expected, the maximum mass and the (equatorial) radius become larger with increasing rotational frequency.
Another bulk property of neutron stars is the moment of inertia, I. In Fig. 6 , we show the moment of inertia at different rotational speeds (again, for all models), whereas in Fig. 7 we display the moment of inertia corresponding to the maximum mass at different rotational frequencies. These values are not in contraddiction with observations of the Crab nebula luminosity. From that, a lower bound on the moment of inertia was inferred to be I ≥4-8 × 10 44 g cm 2 , see Ref. [27] and references therein. Lastly, we calculate the gravitational redshift predicted by each model. The redshift is defined as
This simple formula can be derived considering a photon emitted at the surface of a neutron star and moving towards a detector located at large distance. The photon frequency at the emitter (receiver) is the inverse of the proper time between two wave crests in the frame of the emitter (receiver). Assuming a static gravitational field, and writing g 00 as the metric tensor component at the surface of a nonrotating star yield the equation above. Naturally the rotation of the star modifies the metric, and in that case different considerations need to be applied which result in a frequency dependence of the redshift. We will not be calculating the general case here. From Fig. 8 , it appears that the gravitational redshift is not very EoS-dependent (compare, for instance, the values at the maximum mass for each model), an indication that the gravitational profile at the surface of the star is similar in all models. Thus measurements of z may not be the best way to discriminate among EoS's.
IV. SUMMARY AND CONCLUSIONS
We stress the importance of ab initio calculations to complement the wealth of present/future experiments and observations aimed at constraining the less known aspects of the nuclear equation of state. In that spirit, we have undertaken a comparison of EoS-sensitive observables in microscopic models, which do or do not include explicit TBF. In a previous work [19] we related different predictions of the neutron skin in 208 Pb to differences in the slope of the symmetry energy. An accurate measurement of the neutron skin, as expected to be taken at the Jefferson Laboratory [28] , is the most promising way to discriminate among EoS's in the low-density regime.
At the high-densities probed by neutron stars, the model dependence is even larger, however, presently available constraints are still insufficient to discriminate among these EoS's.
At high density (ρ between five and ten times normal density), the most repulsive symmetric matter energies are produced with BOB, V18, DBHF, N93 and UIX, in that order. That is consistent with the maximum mass predictions, which depend mostly on the absolute repulsion present in the symmetric matter EoS. In pure neutron matter, N93 follows right after BOB (again, from largest to smallest repulsion). This indicates a somewhat different balance when only T=1 contributions are included. Finally, the symmetry energy, which depends entirely on the repulsion of neutron matter relative to symmetric matter and whose density dependence controls observables such as the neutron skin, is largest in N93, followed by BOB, V18, UIX, and DBHF. The model dependence we observe comes from two sources, the two-body potential and the many-body approach, specifically the presence of explicit TBF or Dirac effects. The dependence on the two-body potential is very large. Typically, the main source of model dependence among NN potentials is found in the strength of the tensor force. Of course, differences at the two-body level impact the TBF as well, whether they are microscopic or phenomenological (as in the case of UIX).
On the other hand, when comparing DBHF and BOB, we are looking at differences stemming from the manybody scheme, as the two models share the same NN potential. In the BOB model, repulsion grows at a much faster rate than in DBHF, and more strongly so in neutron matter. (Hence, the much larger symmetry energy with BOB [19] ). As an example, at about 6 times normal density the DBHF energy of symmetric matter is 67% of the BOB energy and only 51% at ten times normal densities. In pure neutron matter, those ratios become 49% and 30%, respectively. Thus, the inclusion of the microscopic TBF in the BHF model introduces considerable more repulsion than the Dirac effects (whose density dependence is approximately as given in Eq. (4)), through highly non-linear terms [16] . Both attractive and repulsive TBF are required for a realistic description of the saturation point. The density dependence of the repulsive terms is obviously stronger and thus dominate at high density. Furthermore, it appears that this is especially true in neutron matter. The much larger (compared with DBHF) repulsion in neutron matter (relative to symmetric matter) seen in all BHF+TBF models may be due to the attractive nature of some T=0 NN partial waves, most noticeably 3 S 1 , which, on the other hand, would become repulsive at high density in the presence of Dirac effects. This attractive component (not present 6 in neutron matter) can moderate the repulsion arising from TBF.
At this time, available constraints cannot pin down the high-density behavior of the EoS. Nevertheless, our point is that microscopic models allow for a deeper insight into the origin of the observed physical effects, and should be pursued along with improved constraints.
V. ACKNOWLEDGMENTS
Support from the U.S. Department of Energy under Grant No. DE-FG02-03ER41270 is acknowledged. We are grateful to F. Weber for providing the crustal EoS. 
